Nano-particles consisting of hollow spherical tantalum oxide (referred to as HSTaO in this work) were synthesized by using the nonionic triblock copolymer F127 as the structure-directing agent in an ethanol aqueous medium. The HSTaO had a large surface area (higher than 100 m 2 /g), and relatively uniform particle size, in the range of 50-200 nm. The wall thickness of the hollow spherical particles was measured to be about 15-17 nm and contained ultrafine Ta 2 O 5 crystallites. The band gap of HSTaO (4.3 eV) is clearly wider than that of bulk Ta 2 O 5 (3.9 eV), which can be attributed to the quantum size of the ultrafine Ta 2 O 5 crystallites. In addition, HSTaO with core-shell Ni/NiO particles (co-catalyst) exhibited similar photocatalytic activity as bulk Ta 2 O 5 with co-catalyst in hydrogen generation from methanol aqueous solution under photoirradiation, with the HSTaO photocatalyst showing higher stability than the bulk.
Introduction
The photocatalytic splitting of water to generate H 2 and O 2 as a clean energy source has received extensive attention since the first discovery of TiO 2 as a component in the electrochemical photocatalysis of water splitting by Fujishima and Honda [1] . A proper band gap structure is a requirement for water decomposition, and textural properties can also act as an important parameter for the preparation of photocatalysts with excellent photocatalytic properties [2] [3] [4] [5] . Generally, the photocatalysis process is taken to include the photogeneration of electron-hole pairs, their migration to external surfaces, and the surface chemical reaction, which are mainly determined by the band gap structure, the crystal structure and quality, and the textural and chemical properties, respectively [2] . In some cases, the morphology and the textural properties can directly affect the photocatalytic properties; for example, some layered structures [6] [7] [8] and surface nanostructures [9] enhance hydrogen and oxygen evolution since separate active sites are effective in reducing the reverse reaction.
In recent years, many types of tantalum compounds, such as tantalum oxide, alkali tantalates and alkaline earth tantalates have been recognized as active photocatalysts for water splitting, because of a compatible band gap structure that is formed by the valence band, consisting O2p orbitals, and the conduction band, with a d 0 electronic configuration [9] [10] [11] [12] [13] [14] [15] [16] [17] . Recently, Domen et al. synthesized a series of tantalum-based mesoporous materials [18] [19] [20] [21] [22] [23] [24] [25] with uniform mesopore structures and large surface areas by using a neutral triblock copolymer Pluronic P123 (EO 20 PO 70 EO 20 ) as the structure-directing agent in a ligand-assisted approach. [26] Some of these novel mesoporous materials exhibited remarkable activity for photocatalytic water decomposition mostly due to their enhanced textural properties. [18, 24] The restricted wall thickness provided a large surface area onto which the co-catalyst could be well dispersed, and thus drastically decrease the possibility of recombination of the photogenerated electron-hole pairs in the separation and migration processes. Although mesoporous Ta 2 O 5 showed higher photocatalytic activity than crystallized Ta 2 O 5 [18a] , the mesoporous structures collapsed to some extent because of the amorphous state of the pore wall structure. Han and Ying reported the synthesis of nanometer sized mesoporous silica particles with uniform mesoporous structures by using the nonionic triblock copolymer F127 (EO 106 PO 70 EO 106 ) and a cationic fluorocarbon surfactant in HCl aqueous solution.
[27] In order to limit particle growth, weakly acidic synthesis conditions were used to promote a relatively slow silica hydrolysis rate, while at the same time, the silica nanoparticles were surrounded by a fluorocarbon surfactant through the S þ X À I þ interaction. The particle size of the prepared sample can be restricted to a range of several hundred nanometers. Herein, we report the synthesis of hollow sphere-like nanoparticles Ta 2 O 5 (referred to as ''HSTaO'' in the following text) in an ethanol aqueous medium by using Pluronic F127 as the template with no additional surfactants. The photocatalytic activity of the sample for hydrogen generation from a methanol aqueous solution under UVlight irradiation was also examined.
Material and methods

Preparation of HSTaO
The HSTaO sample was prepared using a nonionic Pluronic F127 triblock copolymer (EO 106 PO 70 EO 106 ) (BASF) as the template agent. In a typical synthesis, 2 g of F127 was dissolved in 18 g of ethanol (Kishida Chemical) and stirred vigorously for 30 min. Then, 7.8 g of tantalum(V)-n-butoxide (Ta(OC 4 H 9 ) 5 ) (Mitsuwa Chemical) was added to the mixture and stirred overnight. When distilled water was added to this organic metal complex through a spray with vigorous stirring, hydrolysis occurred immediately to form a white precipitate. The distilled water was poured in gradually up to a total volume of 25 mL. The precipitate was first kept in the supernatant state at room temperature for 6 days, then transferred to a Teflon beaker and aged at 353 K for 1 day under static conditions, and finally the oven temperature was increased to 373 K and maintained at this temperature for another day. The product was collected by suction filtration, washed with distilled water and ethanol several times and then dried at 353 K in air for 12 h. To remove the template by calcination, the product was heated in air from room temperature to 823 K at a heating rate of 1 K/min and then kept at 823 K for 5 h. In addition to the as-prepared sample, a commercial Ta 2 O 5 crystal sample (Fluka) was used for comparison without any further treatment.
The co-catalyst nickel species loading was conducted by impregnation of the tantalum oxide sample with a Ni(NO 3 ) 2 aqueous solution, followed by calcination at 673 K in air. The nickel-loading amount was 0.1 wt%. For pretreatment, the nickel loaded sample was heated at 673 K (the lowest temperature for NiO reduction) for 2 h in hydrogen atmosphere and then calcined at 473 K in a flow of oxygen for 1 h with flow rates of 40 mL/min and 50 mL/min, respectively.
Characterization
Scanning electron microscope (SEM) images were recorded on a JEOL model JSM-6330F field emission scanning electron microscope. Samples for transmission electron microscopy (TEM) observations were crushed and dispersed on porous carbon films on Cu grids. TEM images were recorded on a JEOL model JEM3010 electron microscope operated at 300 kV with a double tilt (7251) specimen holder. In order to determine the wall thickness of the HSTaO particles, the magnification was calibrated using TEM images of a KNb 7 O 18 crystal (a¼b¼27.5Å, c¼3.95Å, Space group: P4/mbm) along the c-axis taken at the same magnification. X-ray powder diffraction was carried out on a Rigaku model RINT 2100 diffractometer, using Cu K a (l ¼1.54Å) radiation (40 kV, 100 mA). A typical scan speed was 41/min with a step size of 0.021 (2y) over the range of 101 to 801. UV-visible spectra were measured with a JASCO model V-670 spectrophotometer. Powder samples were loaded into a quartz cell with Suprasil windows, and the spectra were collected in the 200-900 nm wavelength range and were converted from reflection to absorbance by the Kubelka-Munk method. Nitrogen isotherms were determined at 77 K on a CE Instruments Sorptomatic 1990 using nitrogen (Air Liquide) of 99.999% purity and helium (Linde) (for dead space calibration). Prior to each experiment, the sample was degassed for 6 h at 423 K at a heating rate of 1 K/min. The specific surface area was evaluated using the Brunauer-Emmett-Teller (BET) method.
Template-removal and crystallization temperatures were measured by differential thermal analysis (DTA) and thermogravimetry (TG) using a Shimadzu model DTG-50 in air with a heating rate of 10 K/min.
Measuement of photocatalytic activity for hydrogen evolution
Photocatalytic hydrogen generation from a methanol aqueous solution was carried out in an outer irradiation-type reaction vessel made of Pyrex of 120 mL dead volume with a quartz window. A quantity of 0.1 g of the photocatalyst powder was dispersed in an aqueous methanol solution (5 g methanol and 45 g H 2 O) by a magnetic stirrer. First, the mixture consisting of the photocatalysts suspended in a methanol aqueous solution was treated using ultrasonic irradiation for 0.5 h. Prior to the reactions, the air in the reaction system was completely removed by flowing argon. The light source was a 300 W Xe illuminator attached with a band-pass filter. The amount of H 2 produced was detected by using a gas chromatograph (Shimadzu, model GC-8A, TCD, argon carrier) directly connected to the reaction system. After the reaction, the suspension was filtered, and washed with distilled water and ethanol.
Results and discussion
Structural properties and morphology
Scanning electron microscope (SEM) images of the bulk Ta 2 O 5 and the as-prepared HSTaO show different morphology (Fig. 1) . The prepared sample displays regular spherical particles of 50-200 nm in size, while the bulk Ta 2 O 5 shows irregularly shaped blocks of much larger particle size.
TEM images of the as-prepared HSTaO (Fig. 2) shows that a major portion of the material consists of hollow sphere-like nanoparticles with particle sizes ranging from 50 to 200 nm in diameter. The dark-grey contrast of the particle shells corresponds to tantalum oxide. The light-grey contrast inside the particles corresponds to cavities formed by template-removal at high temperature. In order to check if the particles are spherical, the sample holder was tilted in the TEM around two perpendicular axes and a series of TEM images of the HSTaO nanoparticles was taken at different tilt angles (shown in Fig. 2c) . The size and shape of most hollow particles in the images did not change at a different tilt angle, indicating that the particles as well as the cavities are spherical. The wall thickness of the HSTaO particles was estimated to be 15-17 nm, corresponding to around 75 Ta-O bonds (Fig. 2b) . No diffraction spots or polycrystalline rings were observed by TEM, indicating that the walls do not exhibit longrange order. However, as mentioned later, there could be some ultrafine tantalum oxide crystallites inside the walls.
With careful observation, holes were found in the walls of some HSTaO particles (marked in Fig. 2b ), which were probably formed during the surfactant decomposition and removal under calcination. Some incomplete particles were also found (Fig. 2a) , which were probably broken during calcination or sample preparation for the TEM measurement. These observations support the formation of HSTaO precursors containing surfactant in the core before calcination. Pluronic F127 is well known to form cubic structures of spherical micelles arranged in a close-packing in water [28] . Recently, some hollow silica-based nanospheres with the particle size of 20-200 nm have been synthesized using F127 as template in the aqueous solution by addition of the appropriate inorganic salts, acids or diotin [29] [30] [31] [32] . In the synthesis of HSTaO, the spherical micelle aggregations of F127 can form in ethanol. Then, addition of water can lead to an increase in the core radius of micelles. This is due to the more hydrophilic PEO blocks stretch out into the aqueous phase. Plenty of hydroxyl groups generated by the hydrolysis of Ta(OC 4 H 9 ) 5 can simultaneously interact with PEO blocks. Hydrolysis and condensation of Ta(OC 4 H 9 ) 5 took place at the micelle sphere surface, resulting in the fabrication of core/ shell structure. On the other hand, there were some minor small particles that were not hollow but just spherical. This means that preparation conditions may influence the yield of HSTaO particles.
X-ray powder diffraction patterns of a bulk Ta 2 O 5 and a HSTaO sample are shown in Fig. 3 . For the HSTaO sample, three broad peaks centered at around 27, 34, and 541 were found, but no diffraction lines assigned to Ta 2 O 5 were observed. This means that the sample is likely composed of amorphous or very small crystallite domains. Unlike the mesoporous tantalum oxides prepared by the ligand-assisted templating approach reported by Antonelli et al. [26] and Takahara et al. [18] , no diffraction peak was observed in the small angle region of 0.5-51 (not shown here), confirming the absence of regularly ordered meso-pore structures in HSTaO.
The diffuse reflectance spectra of bulk Ta 2 O 5 and HSTaO are shown in Fig. 4 . The absorption edge of HSTaO was located at a shorter wavelength than that of bulk Ta 2 O 5 . The band gaps are roughly estimated to be 4.3 and 3.9 eV for HSTaO and bulk Ta 2 O 5 , respectively. In the band gap configuration of tantalum oxide, the valence band (VB) consists of O2p orbitals and the conduction band is mainly based on Ta5d orbitals. In a previous study, Kamat and Partric reported a gradual shift to shorter wavelengths of the absorption edge for ZnO nanosized paricles [33] with size in the region of 2-4 nm compared to bulk ZnO powder. Similar results for CdS and TiO 2 were also reported by Wang and Herron [34] and Serpone et al. [35] , respectively. Based on the quantum size effect, the distinctly broader band gap of HSTaO compared to that of bulk Ta 2 O 5 confirms the presence of ultrafine tantalum oxide crystals in the HSTaO wall and the absence of large crystallites of Ta 2 O 5 .
The nitrogen adsorption/desorption isotherms of HSTaO can be approximately assigned to the type II and slit-form hysteresis loop of type H3 as shown in Fig. 5 . Similar to adsorption on a nonporous or macroporous solid, the absence of a plateau in the adsorption branch is indicative of gradual monolayer-multilayer adsorption of the adsorbent on the nonporous solid. Additionally, no clear steep increase was observed in the isotherm, suggesting that the shape of the gap in the wall is slit-form rather than uniform hole-form. Furthermore, the condensation occurring at P/P 0 $ 1 can be attributed to adsorptive molecules filling the huge pores resulting from the aggregation of the HSTaO particles. On the other hand, H3-type hysteresis loops are assigned to the slitshape pores produced by aggregates of spherical nano-sized particles [36] . The BET specific surface area of the samples before and after Ni co-catalyst loading were also determined, as given in Table 1 . HSTaO has a high specific surface area of about 100 m 2 /g while bulk Ta 2 O 5 shows a value as low as 3.2 m 2 /g. During the impregnation and heat treatments for co-catalyst loading, the specific surface areas were reduced for both samples, which results from further aggregations of tantalum oxide particles. However, it should be pointed out that bulk Ta 2 O 5 and HSTaO showed about 56 and 17% reductions, respectively. This result indicates that the thermal stability of HSTaO is higher compared to the bulk during the modification process. Fig. 6 shows the DTA and TG curves of template-containing HSTaO. The weight loss in the relatively low-temperature region ( o473 K) shown in the TG curves can be attributed to the desorption of water and organic molecules from the sample. The TG curves indicate that the template F127 was gradually and completely eliminated in the temperature range 663-823 K. The calculated weight loss in this region was 7.8 wt%, which is significantly less than that of the mesoporous metal-tantalum mixed oxide synthesized in an ethanol solvent by using pluronic P123 as a structure-directing agent [25] . The low weight loss is due to the spherical morphology: unlike the template action of P123, surfactant F127 is favorable for the formation of sphericalform micelles in this synthesis condition rather than the stickform micelles seen in the formation of metal-tantalum mixed oxides. It appears that the low accessibility of oxygen through the small slit-form gaps in the wall of HSTaO during surfactant decomposition makes the practical surfactant decomposition temperature much higher than that of fresh F127 (about 558 K, not shown here). On the other hand, the exothermic peak in the DTA curves at 1003 K emerged without any weight loss, suggesting that crystallization of tantalum oxides or transformation to other polymorphs [37] occurs in HSTaO around 1000 K. hydrogen production from a methanol aqueous solution, meaning that each conduction band had enough potential to reduce protons to hydrogen. Although higher activity was expected for the HSTaO photocatalyst because of the larger specific surface area and the wider band gap, both co-catalyst loaded samples, (Ni/NiO)/Ta 2 O 5 and (Ni/NiO)/HSTaO, exhibited almost the same photocatalytic activity with a hydrogen production rate of 112 and 98 mmol h À 1 , respectively, on the first run. The similar hydrogen generation rates suggest that the surface area, morphology and band gap of these two samples does not play a critical role in the photocatalytic reaction under these conditions. Usually, amorphous semiconductor metal oxides tend to exhibit lower photocatalytic activity for hydrogen formation from water solution than a well crystallized semiconductor, a comparison that implies the presence of crystallites in the HSTaO photocatalyst. Thus, it is suggested that the wall of HSTaO is composed of ultrafine tantalum oxide crystallites.
Measuement of photocatalytic activity for hydrogen evolution
When the photocatalytic run was repeated three times, the H 2 production rates decreased (112, 105 and 75 mmol h This result is possibly due to particle aggregation, a supposition which is supported by the large decrease in specific surface area after the reaction tests, as shown in Table 1 , or else it is due to some change in the co-catalyst (see SI).
Moreover, an induction period was observed for (Ni/NiO)/HSTaO, and the period gradually shortened after each run. This result might be due to a change in the oxidation state of the Ni co-catalyst, which could be optimized through photoreduction or photooxidation that occurs in the reaction upon photoirradiation. Most likely, the Ni cocatalysts on HSTaO are highly dispersed as very fine particles, and their oxidation state is easily changed in the induction period, compared to that in bulk Ta 2 O 5 ( Fig. 2 in SI) . Further systematic investigation should be carried out to better understand these results.
Conclusion
Hollow spherical tantalum oxide (HSTaO) nanoparticles were synthesized by using F127 as a structure-directing agent and Ta(OC 4 H 9 ) 5 as a tantalum source in ethanol aqueous solutions. Compared to bulk Ta 2 O 5 crystals, the HSTaO showed a larger surface area ( 4100 m 2 /g), more uniform spherically shaped particles of 50-200 nm, and a slightly wider band gap (4.3 eV) due to ultrafine Ta 2 O 5 crystals in the 15-17 nm thick wall structure (corresponding to at least 75 Ta-O bonds). Template F127 is favorable for the formation of spherical-form micelles under the synthesis conditions employed in this work, and it can be completely removed at 663-823 K through the slit-form gaps in the wall. After loading nickel species as a co-catalyst and continuously treating it in hydrogen and oxygen, photocatalytic tests were carried out for hydrogen production from a methanol aqueous solution. It was confirmed that HSTaO showed high photocatalytic activity similar to that of bulk Ta 2 O 5 , and it exhibited higher stability than bulk Ta 2 O 5 from the first three runs.
